Optically active 1, 3-bridged cyclobutanes 10 of the bicyclo[3.1.1]heptane ring system and 1, 2-bridged cyclobutanes 11 of the bicyclo[3.2.0]heptane ring system were produced by UV irradiation of -unsaturated esters 9a and 9c-f. The preference of endo-stereochemistry at C-6 bridged head was observed in cross-adducts 10. On the other hand, irradiation of conjugated dienol9b led via only parallel cycloaddition to 1,2-bridged cyclobutane 11.
East Indian sandalwood oil contains some 4 to 8% of (-)-exo-(Z)-bergamotol ((-)-1), which has bright, somewhat sweet woo dy fragrance, and is consid ered to b e responsible for the basic sandalwood note [1] . Several synthetic procedures of its representative hydrocarbon counterparts 2 and 3 have been reported. endo--Bergamotene (2) has been pr epared by Gibson and Erman in 12 steps starting from -pinene [2] . Corey, Cane and Libit have prepared exo--bergamotene (3) using a photo chemical [2+2] cycloaddition of 1,5-d iene in 21 steps fro m geranyl acetate [3] . Larsen and Monti have prepared endo--bergamotene (2) and exo-isomer 3 using intramolecular ring closure for the formation of the cyclobutane ring in 13 steps [4] . Although the d irect construction of the acid-labile 2-methylbicyclo[3.1.1]hept-2-ene skeleton and the unambiguous stereocontrol of the quaternary C-6 carbon center h ave only been partially achieved by these earlier endeavors, these methods do not perm it the accu mulation of larg e amounts of mat erial owing to ma ny complicated steps and lo w overall yields.
Intramolecular [2+2] photocycloaddition is an important issue
in organic s ynthesis directed towards target m olecules. The intramolecular [2+2] photocycloadditions between enone and olefin moieties have b een extensively studied in 2-, 3-and 4-substitut ed alkenylcyclohexenones and f ound numerous applications in synthesis [5] . To the best of ou r knowledge, intramolecular [2+2] photocycloaddition of 1,6 ,8-triene system was hitherto unknown. In this p aper we wish to r eport regiospecific intramolecular [2 +2] photocycloadditions of two 1,6,8-trienes i.e.-unsaturated ester and conjugated dienol, each of whi ch has a vin yl terminus. Irradiation of -myrcene resulted in a non-regioselective mixture of several intramolecular products to afford -pinene in a 22% yield as a result of [2+ 2] photocycloaddition between two double bonds among the three olefin moieties [6 ] . Our approach involv es the direct construction of the target ring molecule by the irradiation of an acyclic precursor having a distal double bond and an unsaturated ester moiety which is expected having strong absorption in the ultraviolet region.
We reported an N-ylide [2, 3] -and [3, 3] sigmatropic rearrangement that provides (Z)-or ( E)-trisubstituted olefinic amines with hi gh stereoselectivity [7] . And the [ 2, 3] sigmatropic rearr angement of ammonium ylides having an ethoxycarbonyl group at the -position afforded exclusively (E)-amines [7b]. Thes e amines can b e converted to -unsaturated esters via Cope elimination of the corresponding N-oxides.
As outlined in Scheme 1, hypochlorous acid, generated in situ from calcium hypochlorite and CO 2 , reacted with (R)-(-)-linalool (4) to provide allylic chloride, which was treated with dimethylamine in aqueous EtOH at room temper ature to give the correspondin g allylamine 5 via regioselectiv e S N 2 reaction. Reaction of 5 with ethyl bromoacetate in EtOH pr ovided quaternary ammonium salt 6 in a quantitative yield. Treatment of 6 with NaOEt in EtOH at 0°C resulted in th e formation of ammonium ylide intermediate 7 followed by spontaneous [2, 3] sigmatropic rearrangement to give (E)-amino ester 8 in 83% yield with 95% stereoselectivity. Furthermore, treatment of 6 with KOt-Bu in THF at -70°C afforded E-ester 8 in 72% yield with complete stereoselectivity.
Then amino ester 8 was treated with perac etic acid in CH 2 Cl 2 at -60°C in the presence of N a 2 CO 3 and the resulting mixture containing the amine oxide was stirred at room temperature for 30 min to giv e the desired (E,E)--unsaturated ester 9a via Cope elimination of amine oxide in 88% yield with complete stereoselectivity. The ultraviolet absorption spectra analysis showed this unsaturated ester 9a has large  value (31500) at λ max 267 nm.
The subsequent reduction of 9a was most effectively carried out with AlH 3 [8] prepared in situ from AlCl 3 and LiAlH 4 to give the corresponding unsaturated alcohol 9b in 56% yield. The ultraviolet absorption spectra analysis showed this unsaturated alcohol 9b has large  value (24700) at λ max 233 nm.
Regioselectivity of cross and/or parallel addition is a crucial point in [2+2] photocycloaddition chemistry. Srinivasan et al. suggested that the initial step, which gives a diradical, involves preferential formation of a five-membered ring ("rule of five") on intramolecular [2+2] photocycloaddition reactions of 1,6-heptadiene [9] . Similar results were obtained on intramolecular [2+2] photocycloaddition reaction of 3-methylene-1,5-hexadiene system [10] . Irradiation of 9a with the low pressure Hg lamp in each of hexane, c-hexane, diethyl ether or MeOH solution without a photosensitizer gave rise to an unidentified complex mixture of photoadducts. On the other hand, when 9a was irradiated with the high pressure Hg lamp in benzene solution including 5-nitroacenaphthene (NAN) as a photosensitizer, a mixture of cross [2+2] adduct endo-10a and parallel photoadducts endo-11a and exo-11a was formed as a mixture that could not be separated. Then we confirmed these structures strictly by conversion of photoadducts into separable optically active compounds, endo-12, endo-13 and exo-13 [11] as shown in Scheme 2. Thus, hydrogenation followed by reduction with LiAlH 4 afforded a cross [2+2] adduct (C-6 stereoisomer) endo-12 and a mixture of two parallel photoadducts endo-13 and exo-13as separable diols. The accurate ratio of cross/parallel was determined by capillary GC analysis. Thus triene 9a gave a 18:82 mixture of two photoadducts which were identified as the cross adduct 10 and the parallel adduct 11 in 61% yield. This interesting result prompted us to investigate [2+2] photocycloaddition of triene 9c-f which was supposed to have an inherent regioselectivity of cross/parallel-addition. Table 1 shows the photocycloaddition results. It is interesting to note that wit h the cross-adduct 10a or 10d, the ratio of the two epimers at C-6 position on the bicy clo[3.1.1]ring has a value of 100:0 ( Table 2 , entr y 1, 3). A nd the prefer ence of endo-stereochemistry at C-6 bridged head was observed in other cross-adducts. So as to the stereoselectivity on bicyclo[3.2.0]heptane ring 11, the stereoselectivity increased giving rise to a 87:13 mixture of two epimers endo-11f and exo-11f ( We assume that the preference of endo-stereochemistry at C-6 bridged head is due to fast rotati on in the 1,4-biradical intermediate and the selectivity in the ring closure step reflects steric interactions in the transition state. The first bond is formed between the terminal double bond and excited diene. Rotation around the single bond in the most stab le 1,4-diradical intermediate was found to b e much faster than cyclization. Therefore Z or E trisubstituted olefin moiety of diene leads to the same product mixture. The conformational preference of TS-1 over TS-2 may result fr om the 1,3-diaxial repulsion B between the axial h ydrogen on cyclohex ane ring and the methyl substituent being larger than that of repulsion A between the axial hydrogen on cy clohexane ring and the 2-ethoxycarbonyl vinyl group as shown in Scheme 3. Srinivasan suggested that the initial step, which gives a diradical, involves preferential formation of a five-membered ring ("rule of five") on intramolecular [2+2] photocycloaddition reactions of 1,6heptadiene [9] . However, irr adiation of 9a gave the cr oss photoadduct endo-10 and some parallel adducts. This mode of the cross addition observed here is against the "rule of five" for intramolecular [2+2] photocycloadditions and points to the fact t hat no strict gen eralization can be made for such reactions [12] . We assumed the stable biradical of chair form may be attributed to the extra stabilization being called the captodative effect [13] which is synergistic stabilization of c arbon centered radicals by both an On the other hand, using of 9b instead of 9a, no cycloadducts were observed on ex posure with the low pressure Hg lamp in each of hexane, diethyl ether, MeOH or benzene solutions. However, when 9b was irradiated with the high pressure Hg lamp in acetone, two parallel adducts 14 originated through [2 +2] cycloaddition according to th e "rule of five " was obtained i n 39% yield. The structure of ph otoadducts 14 was confirmed b y the sequential hydrogenation to afford a 50:50 mixture of two 1,2-bridg ed cyclobutanes endo-13 and exo-13. It is noteworth y that th e optically active 1,3-bridged cyclobutanes 10 of the bicy clo[3.1.1]heptane ring system and 1,2-bridged cyclobutanes 11 of the bicy clo[3.2.0]heptane ring s ystem were produced by UV irradiation of -unsaturated esters 9a and 9c-f. These results suggest that a chirality on the C-8 atom can control the stereoselectivity of the cycloaddition reaction. The preference of endo-stereochemistry at C-6 bridged head was observed in cross-adducts 10. On th e other hand, the regioselectivity was found to p roceed exclusively in the p arallel fashion when conjugated dienol 9b was irradiated.
We expect that this methodology will be useful for the synthesis of a wide range of bergamotene family , and further work toward t his goal is in progress.
Supplementary data: Spectroscopic and ana lytical data for endo-10, endo-11 and exo-11(6 pages).
